Introduction: Muscle echo intensity has been shown to correlate with disease status in muscle disorders, including Duchenne muscular dystrophy (DMD). We report the effect of sonographer-applied load on measurements of muscle echo intensity. Methods: Quadriceps ultrasound scans were performed on 22 healthy boys and 16 boys with DMD between the ages of 2.2 and 15.3 years. Transducer contact force was increased linearly from 1.5 to 10 N, and echo intensity was measured throughout. Results: Echo intensity increased linearly with strain at a rate of 42 (95% confidence interval [CI]: 21-63) and 74 (95% CI: 49-98) in the healthy and DMD populations, respectively. Echo intensity reliability was moderate at low strain (intraclass correlation coefficient [ICC] 5 0.82) and was improved at high strain (ICC 5 0.92). Discussion: Sonographerapplied load introduces error in measurements of echo intensity, but it can be minimized by measuring echo intensity at nearmaximal levels of compression.
1 reported increased muscle echo intensity in children affected by muscular dystrophy. In the years since, elevated echo intensity has been correlated with disease status and progression in various conditions, including Duchenne muscular dystrophy (DMD), inflammatory myopathies, amyotrophic lateral sclerosis, sarcopenia, and obesity. [1] [2] [3] [4] [5] [6] [7] [8] Both fibrosis and fatty infiltration have been separately indicated as the primary sources of echogenic changes. 4, [9] [10] [11] [12] As echo intensity gains prominence as a potential noninvasive biomarker of muscle decline in various conditions, a better understanding of the factors that influence measurements of echo intensity, including potential sources of error, is essential.
There are 3 elements to consider in terms of echo intensity reliability: variation between ultrasound systems, variation introduced by the sonographer (interexaminer), and variation introduced during image processing (interanalyst). Comparability between systems and settings is widely acknowledged to be poor, although it has been demonstrated that it is possible to convert between systems.
13, 14 Zaidman et al. 15 reported good reliability between examiners (intraclass correlation coefficient [ICC] 5 0.85 in the rectus femoris and 0.88 in the elbow flexors) and somewhat better reliability between analysts (ranging from ICC 5 0.84 in the deltoid to 0.95 in the finger flexors). Other researchers have reported excellent reliability between analysts, commonly with ICC ! 0.95 for experienced analysts and ICC ! 0.84 for novice analysts. 16, 17 Sonographer technique may introduce interexaminer variation into acquired images in several ways. In musculoskeletal applications, transducer angle relative to the skin has been demonstrated to have a substantial effect on backscattered energy because of the anisotropic nature of skeletal muscle. 18, 19 Sonographers may also vary the amount of force with which they apply the transducer to the skin. In musculoskeletal applications, sonographers are trained to apply minimal pressure, just enough to create sufficient contact with the skin and produce a clear image. Although there is no published data on average ultrasound contact force in musculoskeletal applications, the required force to achieve good contact could be reasonably estimated at several Newtons (N), where 1 N (the standard unit of force, 1 kg Á m/s 2 ) is approximately the weight of an apple. There is undoubtedly some variation among sonographers, and some may habitually apply more or less force than others. Even a very light contact force will compress the muscle slightly, so it is reasonable to consider whether compression may affect echo intensity and, if so, to what extent.
The theory of acoustoelasticity describes how acoustic properties change in a material experiencing mechanical stress such as tension or compression. 20 In 2007, Kobayashi and Vanderby 21 demonstrated that when an acoustic beam is aimed at a nearly incompressible, hyperelastic material (such as biological tissue, or in this case, rubber), the reflected acoustic energy increases as the rubber is stretched. Using ex vivo porcine tendon, Duenwald et al. 22 demonstrated that echo intensity increases nonlinearly with tensile stress and linearly with strain. Additional studies have since expanded on the relationship between echo intensity changes under load and the stiffness and structural integrity of tendons. [23] [24] [25] To the best of our knowledge, there has been no research thus far into the presentation of acoustoelasticity in skeletal muscle or ramifications of this phenomenon with regard to quantitative musculoskeletal ultrasound imaging. Our study explores the effect of compressive force, namely that applied by the sonographer, on measurements of echo intensity in skeletal muscle.
MATERIALS AND METHODS
Participants. This study was approved by the Boston Children's Hospital Institutional Review Board. All parents and participants gave signed informed consent and verbal assent, respectively. Male participants between the ages of 2 and 30 years were recruited for a DMD natural history study. The recruited population comprised 29 healthy boys and 40 boys with genetically confirmed DMD. Participants were excluded if they had an implanted pacemaker or other electronic device or a major condition other than DMD in their medical history that could be associated with muscle weakness.
Data Collection. Data were acquired by research assistants trained by a senior investigator. Two research assistants each recorded a separate ultrasound video on each participant to allow interexaminer reliability calculations. Both videos were obtained with the same equipment on the same day.
During acquisition, participants were seated with their dominant leg bent to 90 degrees, leg muscles relaxed, and foot flat against the floor. The transducer was placed at the distal third of the quadriceps, between the inguinal crease and the superior aspect of the patella, and oriented to obtain a cross-sectional image of the muscle. Prior to acquisition, boys had been seated for approximately 30 min.
Ultrasound video data were collected with a custom force-control system that actuated the transducer to apply a 1.5-10 N force ramp to the target muscle over approximately 5 s (Fig. 1) . The system used a control algorithm to measure and compensate for user-applied force. The forcecontrol system has been described in further detail elsewhere. 26 A Terason t3000 ultrasound imaging system (Terason, Burlington, MA) was used with a 5-12 MHZ (12L5V) probe, and data collection was synchronized in Labview (National Instruments, Austin, TX). All ultrasound images were obtained with identical ultrasound settings. The "musculoskeletal" mode was used, which has a fixed depth of 5 cm. One focal zone set at 2 cm was used. Gain, frequency, and time gain compensation settings were not altered. In summary, for each patient, we obtained 2 Bmode ultrasound videos indexed against contact force, acquired by different examiners.
Data Set Selection. The rectus femoris was selected for analysis because it has clearly visible boundaries in most participants. Ultrasound videos were examined to ensure that they met the following conditions: (1) upper and lower boundaries were distinguishable for both the rectus femoris and the vastus intermedius, including a visible femur profile; (2) the rectus femoris and femur were centered in the field of view throughout the sweep; and (3) the muscle was compressed smoothly with no muscle activation. If one or more of the videos were not acceptable, the patient data were not included for analysis. The final data set comprised 2 force-indexed ultrasound videos from each of 22 boys from the healthy population and 16 boys from the DMD population.
Calculation of Echo Intensity. When a material undergoing mechanical deformation is imaged, the placement of the region of interest (ROI) can be defined in relation to either the imager or the material, but not both. In this study, ROI placement was determined by specific anatomic features so that the same physical tissue was evaluated throughout the compression sweep. The boundaries of the FIGURE 1. The force-controlled ultrasound system. The user grasps the outer casing while the ultrasound probe is actuated to apply a 1.5-10 N force ramp. The force-controlled system also senses and compensates for the user's applied force.
rectus femoris were manually selected, and the muscle was fit with an ellipse (Fig. 2) , which was automatically propagated through the compression video by using normalizedcorrelation template tracking. The ROI was defined as the upper one-third of the demarcated muscle because superficial echo intensity measurements have been shown to correlate more closely with disease state than whole-muscle measurements. 3, 16 Echo intensity was calculated by using grayscale analysis in MATLAB R2016a (MathWorks, Natick, MA), where 0 represented a black pixel and 255 represented a white pixel. To reduce the impact of any connective tissue inadvertently included in the ellipse, echo intensity was defined as the median, not mean, value in the ROI. Echo intensity was calculated continuously throughout the compression sweep.
Calculation of Strain. The upper and lower boundaries of the rectus femoris were used to measure muscle thickness and calculate strain throughout the compression sweep (eq. 1). Because of the acquisition protocol, data were not collected at forces below 1.5 N. Therefore, muscle thickness at 1.5 N was considered resting thickness or x o , and muscle thickness at a given force was x F .
Statistical Analysis. All statistical analysis was performed with R (version 3.2.5). 27 Each participant contributed multiple echo intensity measurements corresponding to a range of contact forces. Because the data are correlated within each patient, we could not assume independence. Clustered data such as this are well represented by mixed-effects models, which use fixed effects to represent population-level trends and random effects to account for individual variation. Echo intensity was modeled as a two-level linear growth mixed-effects model with the lme4 R package (version 1.1.12). 28 Strain and DMD status were entered as fixed effects with interaction, and participants had random intercepts and slopes with respect to strain to account for intersubject variability.
Data were acquired by 2 research technicians randomly selected from a field of several technicians, so reliability was assessed with a one-way random ICC for single measures. ICCs were calculated with the psych R package (version 1.6.9), 29 and P-values were calculated with the pbkrtest R package (version 0.4.6). 30 Pearson's correlation coefficients were calculated as well.
RESULTS
Demographics. This analysis evaluated 22 healthy boys (average age 8.1 years, range 2.8-15.3) and 16 boys with DMD (average age 7.4 years, range 2.2-13.8).
Positive Relationship Between Strain and Muscle Echo
Intensity. The mixed-effects model produced a linear fit for each participant's echo intensity data with respect to strain. There is a clear positive linear trend in both populations (Fig. 3) . The estimated population trends for the 2 groups (healthy and DMD) are represented as
where E H is echo intensity in the healthy population, E D is echo intensity in the DMD population, and e is strain, ranging between 0 and 1. The difference between intercepts for the 2 populations was statistically significant (P < 2e-5), but the difference between slopes only tended toward significance (P < 0.06). Table 1 provides the fixed-effects estimates along with their standard errors, P-values, and CIs.
Interexaminer
Reliability of Echo Intensity.
Interexaminer reliability of echo intensity as assessed by intraclass correlation coefficients improved throughout the compression sweep (Fig.  4) . Even at the lowest strain, corresponding to 1.5 N contact force, reliability was moderately good between examiners. However, measuring echo intensity at high strains, corresponding with 10 N contact force, produced excellent reliability.
DISCUSSION
In this study, we have demonstrated that there is a relationship between tissue compression and echo intensity in the quadriceps. Compressive strain produces a linear increase in echo intensity.
Although the magnitude of this effect may not seem very large, it should not be disregarded. The DMD-affected muscle experienced an average increase in echo intensity of 14 during the 10-N force sweep, but, in practice, unintentional variations in contact force are unlikely to range as high as 10 N. However, at 3 N, a more reasonable clinical occurrence, the average DMD-affected muscle experienced an increase in echo intensity of 5. To provide a sense of scale, our data indicate that a DMD diagnosis in this age group is associated with an increase in unloaded echo intensity of 27. Although this effect may seem small, it is important to be aware of every potential for error. If echo intensity is to be implemented as a biomarker for DMD progression or for other applications that require high accuracy, the error introduced by acoustoelasticity will limit reliability.
The interexaminer reliability of echo intensity acquired at low strain (ICC 5 0.82) was similar to the value reported by Zaidman et al. (ICC 5 0.85). 15 This study suggests that measuring echo intensity at minimal force, which is standard practice, may reduce reliability and increase variation in the measurements. The high-strain reliability (ICC 5 0.92) is excellent.
This effect can be understood by considering the nonlinearity of the stress-strain curve for biological tissue. At low strains, the stress-strain slope is shallow, so small changes in stress correspond to large changes in strain. At high strains, the stressstrain slope is steeper, so large changes in stress correspond to small changes in strain. In other words, at high contact forces (here, defined as approximately 10 N), the muscle has reached nearmaximal compression, so small variations in contact force have little effect on the amount of muscle compression, introducing minimal error into the echo intensity measurement.
On the basis of this finding, we recommend that echo intensity measurements be collected during near-maximal levels of muscle compression. We recommend that the ultrasound probe be pressed into the target muscle with the greatest amount of force that does not cause discomfort to the patient, while keeping the target muscle centered in the field of view. Ten Newtons is approximately the weight of 1 kg, so near-maximal compression can certainly be achieved without causing undue discomfort to the patient. This will ensure that the target muscle is under approximately the same amount of strain at every examination and will minimize the error introduced by acoustoelasticity.
Acoustoelasticity can also be used as a nondestructive test that analyzes measurements of echo intensity at different strains to infer the inherent stiffness of a material. Given that muscles affected by DMD have been shown to have increased transverse stiffness, 31, 32 acoustoelasticity could, potentially, be sensitive to disease progression. The slope of the echo intensity versus strain linear fit was higher in the DMD population than in the healthy population, but this difference only trended toward significance (P < 0.06). Additional study is required to determine whether the presentation of acoustoelasticity is affected by the muscle decline seen in DMD. Additional research is also required to understand the relationship between acoustoelasticity and physiological properties, for example blood flow or edema.
Muscle thickness is often evaluated alongside echo intensity to give clinicians more insight into disease processes in muscle. This study suggests that measurements of muscle thickness are sensitive to small changes in contact force. However, although additional research into this specific issue is warranted, given the abundance of research establishing normal muscle thickness values for various healthy and disease populations, we recommend that clinicians continue to use existing protocols, including measuring muscle thickness with minimal force.
Acoustoelasticity is typically quantified as the percentage change in echo intensity at a predetermined strain. 22, 24, 33 However, in the language of the linear model presented here, percentage change is a function of both slope and intercept. Intercept, in this case baseline or zero-strain echo intensity, is significantly higher in populations with conditions such as DMD, and there is substantial variation in baseline echo intensity even within a healthy population. Reporting acoustoelasticity in terms of slope or change in raw echo intensity over strain instead of percentage change would allow comparisons between individuals and populations with different baseline echo intensity measurements.
A few limitations of our study deserve mention. Because of our data acquisition protocol, we did not collect either muscle thickness or echo intensity data below 1.5 N. Because we do not have true baseline measurements for either strain or echo intensity, our reported values, in particular our linear fit coefficients, should be considered specific to this study. We expect future work to include measurements of unloaded muscle thickness and echo intensity to understand better the presentation of acoustoelasticity in skeletal muscle.
We chose to standardize ROI placement based on anatomic landmarks, namely the boundaries of the rectus femoris. By doing so, we guaranteed that our measurements of echo intensity represented the same volume of tissue throughout the compression and that hyperechoic features, such as fascia, did not move in or out of the ROI, contaminating our measurements. However, this rule had the consequence of excluding the more severe cases of DMD, in which the boundaries of the rectus femoris and the upper border of the femur were indistinguishable from the background. We would expect to observe the same acoustoelastic relationship in the advanced-stage cases as in the milder ones; however, we did not report these results because of our inability to standardize ROI placement in these participants.
Finally, after acquisition had been finished, we observed that a substantial portion of the force sweeps contained lateral slide in which the transducer was initially centered over the rectus femoris but slipped sideways during the course of the compression sweep. In the interest of reliability, we discarded the videos with substantial lateral slide. However, we determined with experimentation that, if made aware of the problem, the sonographer could easily keep the transducer centered over the rectus femoris. Therefore, we do not see this as an obstacle to additional collection of muscle compression sweeps.
In this study, we have demonstrated that echo intensity increases with ultrasound transducer contact force in skeletal muscle. This source of error can be mitigated by measuring echo intensity during near-maximal compression of the muscle.
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